Abstract We have previously reported that atherosclerotic arteries obtained from Watanabe heritable hyperlipidemic (WHHL) rabbits exhibit a marked increase of contractile response to serotonin ) and ergonovine and that these augmented contractile responses to specific agonists may play an important role in the pathogenesis of vasospasm. In the present study, we investigated whether supersensitivity to 5-HT in atherosclerotic arteries was due to an increase in 5 -HT receptor-mediated Ca 2+ mobilization or to an increase in Ca 2+ sensitivity of the contractile elements. We measured simultaneously both iso- sions.23 There is accumulating evidence that atherosclerotic vessels from experimental animals and humans exhibit enhanced susceptibility to the constrictor effect of ergonovine,4 6 histamine,7-9 and serotonin (5-hydroxytryptamine [5-HT]).4"5940 Recently, an augmented coronary arterial constrictor response to intracoronary infusion of 5-HT has been demonstrated in patients with coronary atherosclerosis and variant angina.11-13 The in vitro experiments revealed that endothelium-dependent vasorelaxation induced by 5-HT was impaired in atherosclerotic coronary arteries of hypercholesterolemic pigs.14-16 Such findings suggest that the endothelial dysfunction in atherosclerotic arteries may Received January 11, 1994; accepted September 12, 1994 1994;75:1096-1102.) Key Words * vascular reactivity * atherosclerosis * serotonin * intracellular Ca 2+ * Watanabe heritable hyperlipidemic rabbits result in abnormal vascular reactivity to 5-HT. In addition to this alteration of endothelial function, the hyperreactivity of vascular smooth muscle to specific agonists is also thought to be associated with abnormal vascular reactivity to 5-HT. However, the underlying mechanism still remains unclear, and there are few studies concerning the intracellular signal transduction system in smooth muscle contraction of the atherosclerotic artery.
rabbits exhibit a marked increase of contractile response to serotonin (5-hydroxytryptamine ) and ergonovine and that these augmented contractile responses to specific agonists may play an important role in the pathogenesis of vasospasm. In the present study, we investigated whether supersensitivity to 5-HT in atherosclerotic arteries was due to an increase in 5 -HT receptor-mediated Ca 2+ mobilization or to an increase in Ca 2+ sensitivity of the contractile elements. We measured simultaneously both isometric tension and [Ca2+]i in fura 2-loaded aortic smooth muscle strips from control and WHHL rabbits. Muscle tension in the high K' (72.7 mmol/L)-stimulated state and [Ca2"]i in both resting and high K'-stimulated states did not differ between control and WHHL rabbits. In atherosclerotic aortas from WHHL rabbits, the dose-response curves of both tension and [Ca 2+]i for 5-HT were shifted to the left at lower threshold concentrations and one-half maximally effective dose. The maximum response of contraction produced by 5-HT in WHHL rabbits was augmented compared with that in control rabbits (123+17% versus 33+7% of the 72.7 mmol/L K+-induced contraction, P<.001). The maximum response of
[Ca2+]i produced by 5-HT was also augmented in WHHL rabbits compared with control rabbits (29+4% versus 10+0.9% of the 72.7 mmol/L K'-induced [Ca2+i], P<.001). In C oronary spasm, which plays an important role in the pathogenesis of myocardial ischemia,' usually occurs at the site of atherosclerotic lesions. 23 There is accumulating evidence that atherosclerotic vessels from experimental animals and humans exhibit enhanced susceptibility to the constrictor effect of ergonovine,4 6 histamine,7-9 and serotonin (5-hydroxytryptamine ).4"5940 Recently, an augmented coronary arterial constrictor response to intracoronary infusion of 5-HT has been demonstrated in patients with coronary atherosclerosis and variant angina.11-13 The in vitro experiments revealed that endothelium-dependent vasorelaxation induced by 5-HT was impaired in atherosclerotic coronary arteries of hypercholesterolemic pigs.14-16 Such findings suggest that the endothelial dysfunction in atherosclerotic arteries may result in abnormal vascular reactivity to 5-HT. In addition to this alteration of endothelial function, the hyperreactivity of vascular smooth muscle to specific agonists is also thought to be associated with abnormal vascular reactivity to 5-HT. However, the underlying mechanism still remains unclear, and there are few studies concerning the intracellular signal transduction system in smooth muscle contraction of the atherosclerotic artery.
In vascular smooth muscle, it is generally accepted that Ca21 is the primary regulator for contraction. The rabbits were anesthetized with pentobarbital sodium (30 mg/kg body wt IV), and the descending thoracic aorta was isolated and cleaned of surrounding tissue. Aortic rings :2 mm wide were cut and opened. Endothelium was removed mechanically by rubbing the intimal surface with a filter paper moistened with physiological salt solution (PSS). We used strips that were covered with atheromatous plaque on =50% of the luminal surface, as viewed macroscopically, in the present study. After the experiments, we observed microscopically the surface characteristics of the strips used in the experiments. The absence of endothelium was confirmed microscopically in both normal and atheromatous areas of the artery, and there was no perturbation of atheromatous plaque by the mechanical rubbing process. PSS contained the following (mmol/L): NaCl 140, KCl 5.4, CaCl2 1.5, MgCl2 1.0, NaHCO3 23.8, EDTA 0.01, and glucose 5.5, saturated with a 95% 02/5% CO2 mixture at 37°C and pH 7.4. High K' solution was made by substituting equimolar KCl for NaCl. Isometric tension and [Ca 2+]i in aortic strips were measured simultaneously as previously reported by Sato et al. 20 The aortic strips were treated with 6 ,umol/L of the acetoxymethyl ester of fura 2 (fura 2-AM) in the presence of 0.02% cremophor EL, a noncytotoxic detergent, for 4 to 6 hours at room temperature (20°C to 25°C) under protection from light. The aortic strip was held horizontally in a 5-mL organ bath (37°C) attached to a fluorimeter (CAF-110, Japan Spectroscopic). The bottom of the bath was made of quartz glass. One end of the strip was connected to a strain-gauge transducer (Orientec) to monitor the isometric tension. Through the bottom of the bath, excitation light (a spot 2 to 3 mm in diameter) was focused on a part of the strip. The fluorescence measurement was made at sites near macroscopic atheroma in the strips from WHHL rabbits, because clear recordings of fluorescence from smooth muscle cells were not obtained at sites of macroscopic atheroma. The light was obtained from a xenon high-pressure lamp (75 W) equipped with a rotating wheel that had 340-and 380-nm interference filters. The muscle strip was illuminated alternately at a cycle of 48 Hz with two excitation wavelengths (340 and 380 nm), and fluorescence emitted from the strip was collected into a photomultiplier through a 500-nm filter. The intensity of fluorescence induced by excitation at 340 nm (F340) and that induced by excitation at 380 nm (F380) was measured, and the ratio (F340/F380) was calculated automatically. In the muscle strips successfully loaded with fura 2, an increase in 
Data Analysis and Statistics
Data were expressed as mean+SEM. The significance of the difference between group means was assessed with the t test for unpaired samples. A value of P<.05 was taken as significant.
Drugs
The following drugs were used: 5-HT creatinine sulfate, L-phenylephrine hydrochloride, and bromo-A23187 (Sigma Chemical Co); 5 The concentration-response relations for 5-HT in control and WHHL rabbits are shown in Fig 2. The curve of tension in WHHL rabbits was shifted to the left (Fig 2A) . The Table shows the threshold concentrations, ED50 values, and maximum responses derived from the concentration-response experiments. The threshold concentration and ED50 values for 5 -HT in WHHL rabbits were significantly lower than those in control rabbits (threshold concentration, 28±9 versus 83±7 nmol/L; ED50, 251±45 versus 627±96 nmol/L, respectively). In addition, the maximum contractile response induced by 5-HT in WHHL rabbits was augmented approximately fourfold compared with the response in control rabbits (Table) . The (Fig 4) . (Fig 4C) . Effect of 5-HT2 Receptor Antagonist Fig 5 shows the effects of pretreatment with ketanserin on 5-HT-induced contraction in control and WHHL rabbits. Ketanserin (0.01 to 1 ,umol/L) caused a parallel rightward shift of the concentration-response curves for 5 -HT in aortic strips from control rabbits ( Fig  5A) . Thus, ketanserin competitively inhibited aortic contraction to 5 -HT in control rabbits. On the other hand, the concentration-response curves for 5 -HT in aortic strips from WHHL rabbits were shifted to the right by ketanserin without changing the threshold concentrations (Fig SB) (Fig 6) . [Ca2]i (%) Discussion We have previously reported that the contractile response to 5-HT and ergonovine is augmented in arteries isolated from hypercholesterolemic rabbits45 and variant angina patients6 and that this supersensitivity to specific agonists may play an important role in coronary spasm. Possible mechanisms linked to supersensitivity to 5-HT in WHHL rabbits are (1) Furthermore, WHHL rabbit aortas exhibited supersensitivity to 5-CT as well as 5-HT. These findings suggest that supersensitivity to 5 -HT in atherosclerotic arteries is not due to an increase in Ca>2 sensitivity of the contractile elements but to an increase in 5-HT-induced Ca' mobilization and that the major type of receptor responsible for contractile response to 5 -HT is the 5-HT2 subclass in the normal rabbit aorta, whereas the 5-HT1-like subclass is operative in the WHHL rabbit aorta.
A previous report has demonstrated that 5-HTinduced contractions of the canine coronary artery are enhanced by removal of the endothelium. 27 Therefore, earlier works14-16 relating to the 5-HT-induced respon- siveness of atherosclerotic arteries have centered on the concept of endothelial dysfunction and the impaired production of endothelium-derived relaxing factor me- In summary, the present study demonstrates that supersensitivity to 5-HT in atherosclerotic arteries is not due to an increase in Ca21 sensitivity of the contractile elements and that an increase in 5-HT receptormediated Ca21 mobilization is likely to be involved in the pathogenetic mechanism. This altered contractile response in vascular smooth muscle to 5-HT may contribute to the pathophysiology of vasospasm in atherosclerotic heart disease. The alterations of the 5-HT receptor and the signal transduction system in atherosclerotic vascular smooth muscle need to be examined in future studies.
